The role of coccolithophores in the biogenic carbonate cycle was studied in the coastal upwelling zone off Concepción, Chile (36°S), and in adjacent oceanic waters during spring 2004. Coccolithophore abundance and diversity increased steadily from coastal to oceanic regions. The presence of an active coastal upwelling center clearly partitioned the study area into coastal, transition and two oceanic zones. Coccolithophores and diatoms showed an inverse relationship: coccolithophores with higher abundances in oceanic zones and diatoms more abundant in coastal zones. The suspended coccolithophore carbonate reached maximum values in the oceanic zones. Emiliania huxleyi was the only coccolithophore species observed in the coastal, upwelling-influenced region. The vertical export of coccolithophore carbonate offshore from Concepción (traps deployed between December 2005 and October 2006) was highly variable, with greatest flux during summer, dominated by coccoliths and coccospheres of large species: Calcidiscus leptoporus and Helicosphaera carteri. The contribution of coccoliths and coccospheres carried downward in appendicularian fecal pellets to total carbonate flux was low (1%); however, they contributed a major fraction to the coccolithophore carbonate export (mean of 27%). Our results highlight the relevance of large and less abundant coccolithophores and their coccoliths to the vertical flux of coccolithophore carbonate to the deep sea.
I N T R O D U C T I O N
Coccolithophores represent~10% of the global phytoplankton biomass (Tyrrell and Young, 2009) . They play an important role in climate and biogeochemical cycles (Westbroek et al., 1993; Winter et al., 2002) , including those of sulfur (Malin and Steinke, 2004) , carbon (Zondervan, 2007; O'Brien et al., 2013) and carbonate (Sprengel et al., 2002) . In several oceanic regions, coccolithophores contribute between 60 and 80% of the vertical carbonate flux at depths below 1000 m (Honjo, 1977; Deuser and Ross, 1989; Fabry, 1989) . They represent up to 70% of the buried carbonate in the oligotrophic gyres of the South Atlantic and up to 20% along the continental margins of that ocean (Baumann et al., 2004) . Coccolithophores can be found in the photic zones of all the oceans (Jordan and Chamberlain, 1997) , and large-scale abundance is common in mid to high latitudes in both hemispheres (Brown and Yoder, 1994; Moore et al., 2012) .
Coccolith plates detached from cells and suspended in near-surface waters cause light to scatter, making blooms visible in ocean color satellite imagery (Moore et al., 2012) . These blooms are usually dominated by Emiliania huxleyi and Gephyrocapsa spp. (Rhodes et al., 1995; Yang et al., 2001; Gravalosa et al., 2008) , and E. huxleyi often constitutes 40-90% of the total population (Mitchell-Innes and Winter, 1987; Chen et al., 2007) .
The physical and chemical characteristics of seawater controlling the distribution and abundance of coccolithophores in the ocean have been widely discussed, although no consensus has been reached. Many reports indicate that these organisms are more successful in stratified, oligotrophic (including low silicic acid and N:P ratio~20), warm oceanic regions (Winter and Siesser, 1994; Hagino et al., 2000) . However, other authors highlight the occurrence of coccolithophores in more turbulent, nutrient-rich areas (Moita et al., 2010; Guerreiro et al., 2013) .
In oceanic regions of the Humboldt Current System (HCS) off Chile, the calcite flux to the deep sea considerably exceeds the organic carbon flux, with coccolithophores the second most important taxon after foraminifera . In coastal sediments off Chile between 22 and 45°S, the orders Isochrysidales and Coccolithales are dominant (Saavedra-Pellitero et al., 2010 .
The objectives of this study were (i) to determine the abundance, community structure and key species of coccolithophores in the coastal and oceanic areas off Concepción; (ii) to analyze the physical and chemical variables that best explain the distribution and abundance of these organisms; (iii) to assess the contribution of coccolithophores to the total vertical flux of biogenic carbonate and to elucidate the potential processes/factors involved in coccolithophore export to the deep regions of the ocean.
Regional setting
The study area is located offshore of Concepción (36.5°S), one of the most biologically productive regions within the central HCS off Chile (Fossing et al., 1995; Montero et al., 2007) . This active upwelling area contributes up to 50% of Chile's (and 3% of the world's) annual fishery landings (Mathiesen, 2012; Sernapesca, 2014) . It experiences conditions favorable for upwelling during spring and summer, bringing to the surface Equatorial Subsurface Waters (ESSW) characterized by low dissolved oxygen concentrations and high nutrient loads (Strub et al., 1998; Silva et al., 2009) . Off Concepción, the continental platform is at its widest (40 km) and experiences numerous cyclonic (36°S-75°W) and anticyclonic (37.5°S-77.5°W) eddies and filaments that propagate from the coast, expanding the productive coastal zone (Hormazabal et al., 2004) .
In the coastal system, the freshwater discharge of two large rivers (Itata: 240 m 3 s −1 and Bio-Bio: 1000 m 3 s −1 ) ( Supplementary Fig. 1 ) affect the water stratification, silicate and organic/inorganic matter inputs (Saldías et al., 2012) . The outflows modify the biogeochemical fluxes and trophic state of these coastal waters Sánchez et al., 2008) .
During spring/summer, high levels of photosynthetically active radiation at 100-400 W m −2 s −1 (Hernández et al., 2012) result from relatively reduced cloud cover (<50%) ( Supplementary Fig. 2 ) and promote high phytoplankton biomass as estimated from chlorophyll-a (Chl-a) (>5 mg m −3 ). That stock is dominated by large diatom genera, particularly Skeletonema, Chaetoceros, Thalassiosira and Detonula in the study area . During winter, lower biomass (<2 mg m −3 ) is dominated by pico-and nano-autotrophic fractions (Anabalón et al., 2007; Böttjer and Morales, 2007) . Information on coccolithophores in the study area is limited, only based on data from surface sediments (Saavedra-Pellitero et al., 2010 .
2006 in the central part of the grid (see below and Fig. 1 ). Hydrographic information was obtained using a Sea Bird SBE-25 CTD, equipped with fluorescence sensors. Water samples for dissolved oxygen, nutrients and phytoplankton were taken at three depth levels (0, 20, 50 m) with a rosette equipped with 24 10-L Niskin bottles. Oxygen was measured using the Winkler method (Carpenter, 1965) , while nutrient concentrations (PO 4 , Si(OH) 4 , NO 3 ) were analyzed with an auto analyzer (Alpkem flow solution IV) according to Strickland and Parsons (1972) .
Ekman transport was estimated according to Wu (1982) using daily average wind data from November 2004, obtained from the meteorological Station of Carriel Sur Airport. We used the weekly AVISO+ data products of absolute geostrophic velocities from the study area (http://las.aviso.oceanobs.com/), and surface wind data were obtained from monthly mean scatterometer data products for November 2014 (25 km resolution, QuikSCAT output).
Phytoplankton community composition in the upper water column
The study focused on phytoplankton composition, and fluorescence data from a CTD were used to define Chl-a profiles. As most phytoplankton was distributed in the upper 50 m of the water column, water samples (250 mL) were obtained from 0, 20 and 50 m, preserved in 3% sodium tetraborate-buffered formaldehyde seawater and stored in the dark at room temperature. Subsamples (50 mL) were settled in Hydrobios chambers and examined with inverted microscopy following standard methods (Utermöhl, 1958; Zeiss Axiovert 200) . Phytoplankton taxa were counted and identified at magnifications of ×200-400 for diatoms and ×400-1000 for coccolithophores. Diatoms were quantified by observing the entire sedimentation chamber, or a fraction of it at high abundance (e.g. transects or half the chamber). The taxa were identified with taxonomic keys and relevant supporting literature (Rivera, 1973; Tomas, 1997; Bown, 1998; Cros and Fortuño, 2002; Young et al., 2003) . For coccolithophores, the same sample was evaluated using a Scanning Electron Microscope (SEM, LEO-420) and Light Microscopy; the morphology and appearance of the species observed with these two methods were compared ( Supplementary Fig. 3 ). Phytoplankton densities were integrated by trapezoidal integration of the three estimates from the upper 50 m to compare cell densities among stations.
To calculate the number of cells per liter (C t ), we applied the following formula:
where C c is the count of phytoplankton in the settling chamber (e.g. number of coccospheres or diatoms observed), F is the ratio between the total area and the observed area of the settling chamber and V s is the volume of the analyzed sample (mL). The quantification of coccolithophores was performed with preliminary observation at ×400 magnification to identify large (~10-30 µm) and less abundant coccospheres (e.g. genera Helicosphaera, Calcidiscus) by examining half or all of the sedimentation chamber. Small coccospheres (<10 µm in diameter; e.g. genera Emiliania and Gephyrocapsa) were quantified by observing 500-1500 visual fields distributed randomly over the entire sedimentation chamber at ×1000 magnification. After collection, some subsamples were prepared for observation in the SEM by gentle filtration (0.2-µm filter). These subsamples were then washed with degassed mineral water to eliminate salts (L. Cros, personal communication), dried and analyzed by SEM. The calcium carbonate contents of the coccoliths and coccospheres (CarC) for each species of coccolithophore were determined using conversion factors according to Young and Ziveri (2000) , Broerse et al. (2000) and Ziveri et al. (2000) .
Sediment trap Coccolithophore fluxes
An automated, cone-shaped sediment trap (SMT 230; Salzgitter Electronic, Kiel, Germany) was deployed at 1000 m depth on a mooring located 150 km off Concepción, over the open abyssal plain (37°05′S, 74°5 0′W) where the maximum depth was 4500 m (Fig. 1 , prepared with water collected at 2000 m with 1% (v/v) saturated HgCl 2 ) (Lee et al., 1992) . Aliquots of 1.5 mL were poured into a settling chamber and analyzed by light microscopy. All coccospheres and coccoliths were quantified on 20 to 200 visual fields, following the procedure described for phytoplankton samples. The total coccosphere and coccolith counts were converted to flux rates (number m
) according to:
where COC t represents the flux rate of coccospheres or coccoliths exported (number m
); N c the number of coccospheres or coccoliths counted in a fraction of the settling chamber; F c the fraction of the chamber area analyzed; V t the total sample volume (mL); V a the subsample volume (mL) in the settling chamber; A t the particle collection area of the automatic sediment trap (m −2 ); and T the collecting interval (days). Fluxes of coccospheres and coccoliths (COC t ) were reported as species-specific contributions to carbonate flux of coccolithophores by applying factors from the literature (Young and Ziveri, 2000) . POC analyses were done after removal of CaCO 3 (with HCl 2 N), while for total particulate carbon (TPC) a fraction of the sample was filtered and dried at 50°C. Later, these samples were analyzed in a Carlo Erba C/N-analyzer using acetanilide as a standard. We applied a stoichiometric balance formula (Eq. 3) for the final determination of the total particulate carbonate (TCar ex ) in the sediment trap samples, according to Hebbeln et al. (2000) 
CaCO 3 from appendicularian fecal pellets and tintinnids
A total of 65 undamaged appendicularian fecal pellets (70-340 µm in diameter) were removed from the sediment trap samples using a stereomicroscope (Leica model MZ6) at ×15 magnification and placed in a Petri dish with 0.2 µm pre-filtered de-carbonated mineral water to prevent coccolith dissolution. Fecal pellets were washed five to eight times with filtered de-carbonated water and photographed. Photographs were processed using ImageJ software to estimate the fecal pellet volume.
In order to analyze the composition of coccospheres and coccoliths in the appendicularian fecal pellets, 1-10 pellets (number depending on their size) were removed from the Petri dish and gently placed in 2.5-mL vials containing 2 mL of de-carbonated mineral water and sonicated at 50/60 Hz for 30 seconds following Bairbakhish et al. (1999) . The contents of the vials were placed in sedimentation chambers and analyzed using an inverted light microscope (×1000 magnification). Other samples were analyzed by SEM to corroborate the light microscopy species identifications. Numbers of coccoliths per fecal pellet were estimated as follows:
where C t represents the total number of coccoliths per cubic millimeter, Sp (n+1) the number of coccoliths of different species observed in the analyzed chamber area; F c the ratio of the total chamber area to the analyzed area and V f the total volume (in mm 3 ) of analyzed fecal pellets.
All coccoliths and coccospheres removed from feces were observed and counted at species-level and converted into CaCO 3 using factors from Young and Ziveri (2000) . Thus, an average concentration of 0.056 mg CaCO 3 per mm 3 was determined for appendicularian fecal pellets (E. Menschel, unpublished data), and used to estimate the amount of CaCO 3 in fecal pellets collected by the sediment trap. The calcium carbonate contributed by coccoliths attached to the loricae of the three most common tintinnid genera (Tintinnopsis, Codonellopsis and Dictyocysta) was estimated using SEM by direct quantification of coccoliths according to Young and Ziveri (2000) and multiplied by 2, assuming that the faces of the loricae against the cell membrane contained the same quantity of CaCO 3 .
The carbonate of coccolithophores exported (CarC ex ) and collected in the sediment trap was defined as the sum of coccoliths and coccospheres detached, adhered to loricae of tintinnids and inside the fecal pellets of appendicularians.
Statistical analyses
Phytoplankton abundances at 0, 20 and 50 m were tested to determine significant differences in vertical distribution using Kruskal-Wallis analysis. In addition, a cluster analysis was carried out to explore similarities in coccolithophore compositions among stations using the Bray-Curtis similarity coefficient calculated for roottransformed data (Clarke and Warwick, 2001 ). The SIMPER routine (PRIMER v.6) was used to determine both the percentages of similarity within each of the groups identified by the cluster analysis and the dissimilarities among those groups. The coccolithophore abundance was related to the physical-chemical variables using the statistical package BIO-ENV to determine which variable, or combination of variables, best explains the grouping of the stations. The BIOENV routine included a permutation test following the methodology proposed by Clarke et al. (2008) . The Shannon-Wiener diversity index was calculated following Brower and Zar (1977) for the five longitudinal and latitudinal transects. Maps of the spatial distribution of physical (temperature), chemical (nutrients, salinity) and biological (coccolithophore and diatom abundances) data were plotted using kriging interpolation. Possible latitudinal and vertical differences among coccolithophore distributions were tested using the Mann-Whitney U test.
R E S U L T S Hydrography
Offshore Ekman transport was highest at the beginning of the study (15-20 November 2004) due to meridional, upwelling-favorable winds, which decreased toward the end of the campaign (21-24 November 2004) ( Fig. 2A) . In November, the wind pattern was predominantly northward, with maximum intensities (7.6-8.2 m s −1 ) in a narrow band extending from the outer margin of the continental slope seaward to 75.5°W ( Supplementary Fig. 4 ).
The physicochemical variables of the upper 50 m water column ( Fig. 2 ) were defined by a strong CUF bounded offshore by the 13°C isotherm. This isotherm followed the edge of the continental shelf, roughly marked by the 1000-m isobath ( Fig. 1 ), but weakened to the south near the Lebu River ( Fig. 2 ; see also Letelier et al., 2009) . Average temperature and dissolved oxygen values were low in the coastal region (11.9°C and 4.1 mL L −1
) and high in the oceanic region (~15°C and >6 mL L
−1
). Nutrient concentrations (NO 3 , PO 4 and Si(OH) 4 ) and salinity showed a pattern inverse to temperature, with higher values in the coastal regions (
, 24 µM L −1 and 34.6 g kg
).
Phytoplankton community structure
The phytoplankton distribution indicated that diatoms were mostly concentrated in the coastal region, east of the CUF, ranging from 4 × 10 6 to 2.2 × 10 10 and averaging 1.6 × 10 9 cells m −2 . Diatoms were closely associated with the coastal region adjacent to the core of the upwelling, where nutrient concentrations were highest and temperature and oxygen concentrations lowest. Thalassiosira spp., Pseudo-nitzschia spp., Skeletonema spp., Chaetoceros spp., Leptocylindrus spp. and Corethron spp. constituted 80% of the specimens observed. More than 90% of the diatoms quantified were collected in the coastal zone, and the remainder (<10%) were found in the oceanic region. Coccolithophores were predominantly recorded west of the CUF (84%), with the remaining 16% (mostly E. huxleyi) found east of it. No differences were noted with latitude in the vertically integrated abundances of coccolithophores or among the discrete depths (0, 20 and 50 m) (U-Test, P > 0.05).
Coccolithophore abundance and distribution
We identified 18 coccolithophore species (Table I) , which showed abundance gradients from coastal to oceanic stations as well as among depths (Supplementary Table 1 ). Emiliania huxleyi (on average, 62%) and Gephyrocapsa muellerae (18%) were the dominant forms within the study area. Less abundant taxa, including Coronosphaera mediterranea, Syracosphaera spp., Calcidiscus leptoporus, Syracosphaera pulchra and Helicosphaera carteri, made up 14%, and the remaining 6% of specimens were rare.
Total integrated coccolithophore abundances averaged 1.98 × 10 9 cells m −2
, highest at oceanic Stations 7 and 53 and lowest at coastal Stations 1 and 31 (Table II; ), with increased numbers at the oceanic stations (Stations 7, 17, 18, 25, 30 and 37) .
Coastal-oceanic biogeographic zones
The coccolithophore community structure varied significantly along the coastal-ocean gradient, with increasing species diversity towards the oceanic regions (Fig. 5A) . A cluster analysis of stations was performed based on the stock estimates for the most abundant coccolithophore species (>95% of the whole community). The resulting four groups were named according to their coastaloceanic positions: Z 1 (east of the CUF), Z 2 -CUF (associated with the CUF), Z 3 (west of the CUF), and Z 2 -Oceanic (west of Z 3 ) (Fig. 6 ).
(i) Z 1 consisted mostly of the coastal border off Concepción. Emiliania huxleyi was the most important species in the coastal zone and the only coccolithophore found at the surface. That dominance remained with depth to 50 m, but other species (probably from the genus Papposphaera, but not clearly identifiable) were observed in low abundance. Z 1 showed an average similarity, per the SIMPER test, of 67%; E. huxleyi contributed 100% of this similarity. This zone was characterized by (Fig. 6) . For all the Z 2 stations, the SIMPER analysis showed a similarity of 71%. Emiliania huxleyi and G. muellerae contributed 93% of the similarity. The stations in Z 2 -CUF showed higher temperatures, similar nutrient concentrations, slightly higher oxygen concentrations and lower salinity levels than those observed in Z 1 (Fig. 2) . Emiliania huxleyi was again the dominant species at 0 and 20 m, whereas other taxa (e.g. G. muellerae, Syracosphaera spp., H. carteri) had greater contributions at 50 m. The Z 2 -Oceanic stations had lower nutrient concentrations, higher temperatures and oxygen concentrations, and slightly lower salinity values than those in Z 2 -CUF (Fig. 2) . Emiliania huxleyi was more dominant in Z 2 -Oceanic than in Z 3 , contributing 68-80% of the coccolithophore community at 0 and 20 m depth. At 50 m, however, we observed higher species richness and a slightly lower relative abundance of E. huxleyi (50%). At that depth, Discosphaera tubifera and Umbilicosphaera sibogae increased markedly, reaching 12 and 16% of the specimens, respectively (Fig. 5A ).
(iii) Z 3 showed the highest coccolithophore densities in the study area, particularly at stations west of the CUF to 77°W off Concepción (Fig. 6 ). SIMPER analysis revealed an average similarity of 78%. Emiliania huxleyi, G. muellerae, Syracosphera spp. and C. mediterranea contributed 91% of the similarity. This area had the lowest nutrient concentrations (3.0, 0.6 and 7.0 μM L −1 of NO 3 , PO 4 and Si(OH) 4 , respectively), highest temperatures (14.3°C) and ). The dominance of E. huxleyi decreased, and other species became more conspicuous including G. muellerae (15-20%) and, to a lesser extent, H. carteri and Syracosphaera spp. (1-3%). The oceanic zone (Z 3 ) displayed an inverse pattern (compared with Z 1 ), with increased relative abundance of E. huxleyi at depth (Fig. 5A ).
The analysis of rank correlation (BIO-ENV) for the integrated abundances of all coccolithophore species and physico-chemical variables revealed that two combinations, temperature-salinity (p w = 0.689; P < 0.05) and salinity-nitrate (p w = 0.675; P < 0.05), explain the spatial variability of coccolithophores in the study area reasonably well (Table IV) .
The Shannon-Wiener diversity index, calculated for five transects and arranged along longitudinal gradients, showed increased coccolithophore species diversity from the coast toward the ocean (Fig. 7) , whereas the latitudinal range showed no significant differences in diversity.
Particulate calcium carbonate in coccolithophores (CarC) in the upper water column , respectively) (Figs. 8A, B) . Coccolithophore taxa contributing most (98%) to the total CarC off Concepción were H. carteri, C. leptoporus, E. huxleyi, G. muellerae, C. mediterranea, Syracosphera spp., Rhabdosphaera clavigera and U. sibogae (Fig. 8B) .
Estimated concentrations of CarC at the surface ranged from 0 to 47.7 µg CaCO 3 L −1 (average 5.7 µg
). Oceanic Stations 7 and 37 showed the greatest surface concentrations of CarC (42 and 25 µg
), more than 40% of the total CaCO 3 of the surface. In contrast, the concentrations were lower (< 0.24 µg CaCO 3 L ). Concentrations were highest at the oceanic Stations 7, 10, 17 and 25 representing 50% of all the CarC at this depth, whereas Stations 1, 3, 12, 13, 14, 15, 20, 21, 23, 33, 37 and 55 only contributed < 1.5% of the CarC for the 20 m of depth. The major contributions were from H. carteri (46%), C. leptoporus (17%), E. huxleyi (13%), G. muellerae (10%) and C. mediterranea (8%), the remaining 6% came from S. pulchra, R. clavigera, Coccolithus sp., D. tubifera and Syracosphaera spp.
At 50 m depth, the CarC ranged from 0 to 26.7 μg CaCO 3 L −1 (averaging 4.9 μg CaCO 3 L
−1
). Highest estimates were at Oceanic Stations 10, 18, 19, 20, 25, 30, 37 and 60, constituting 74% of the CarC at 50 m depth. The most important species at this depth were C. leptoporus (21.7%), E. huxleyi (21.1%), H. carteri (20.9%), G. muellerae (18.7%), R. clavigera (5.9%), U. sibogae (4.8%) and Scyphosphaera apsteinii (2%). The contributions of integrated CarC were lowest in Z 1 (0.1%) and highest in ) and lowest in autumn-winter (2.6 and 3.5 mg CaCO 3 m (Fig. 9) . Detached coccoliths and coccospheres were the most important, reaching an average of 2.9 mg CaCO 3 m −2 d −1 or 70% of the CarC ex and 4.8% of the TCar ex (Fig. 9) . However, these detached scales and spheres made highly variable contributions to CarC ex , ranging from 52% in summer to 27% in winter and 20% in autumn. In addition, appendicularian fecal pellets These results correspond to the SIMPER analysis based on the abundances of the coccolithophores species.
contributed 27% (0.8 mg CaCO 3 m
) of the CarC ex or 1.2% of the TCar ex .
We recorded 11 coccolithophore genera (considering both coccoliths and coccospheres) in the sediment trap samples. Emiliania huxleyi was the most important (50.6% of the coccoliths exported or 46 × 10 6 coccoliths of E. huxleyi m −2 d −1 ) followed by G. muellerae (19.5%), C. leptoporus (14%), H. carteri (11.2%), Syracosphaera spp. (2.6%), Coccolithus sp. (0.7%) and U. sibogae (0.6%), and finally as a group P. syracusana, Umbellosphaera sp., R. clavigera and S. apsteinii (0.8% and 0.7 × 10 6 coccolith m
). The average CaCO 3 exported by these species followed a contrasting pattern. Helicosphaera carteri contributed most to the export of CaCO 3 as coccoliths and coccospheres (42% or 1.3 mg CaCO 3 m −2 d −1 ), followed by C. leptoporus (40%), G. muellerae (4.5%), Coccolithus sp. (4%), E. huxleyi (3.4%) and P. syracusana (1.2%). The remaining 4.9% was shared among Syracosphaera spp., U. sibogae, R. clavigera, S. apsteinii and undetermined coccoliths.
Tintinnid contributions were minor, both to the total carbonate from coccolithophores (2.8%) and to the total exported carbonate (0.1%). The loricate ciliate, Dictyocysta spp., contributed on average to 48% of the total carbonate exported by tintinnids, followed by Codonellopsis spp. (26.5%) and Tintinnopsis spp. (25.5%).
D I S C U S S I O N Phytoplankton community structure
Diatoms were mainly abundant in a relatively narrow band close to the coast, largely covering Z 1 , whereas the coccolithophores occupied the more oceanic regions (mainly Z 3 ). In Z 1 , the high diatom density was dominated by the genera Skeletonema and Thalassiosira, which together contributed >80% of the standing stock of diatoms. This situation can be partially explained by the high kinetic energy of the coastal area that creates a turbulent environment in which coastal upwelling brings Fig. 7 . Shannon-Wiener diversity index for coccolithophores in a coastal-ocean gradient off Concepción, Chile along the transects T1-T6 ( Figure 3 ). The diversity is given for each transect (T1-T6) with the most coastal (Z 1 ) and oceanic (Z 2 -oceanic) biogeographical zones located at the left and right sides, respectively. In addition, the station numbers along each transect are included for reference. ESSW to the surface, fertilizing the photic zone with high nutrient concentrations (Fig. 2D) . Phytoplankton community structure is mainly regulated by nutrient concentrations and turbulence (Margalef, 1978) . Chain-forming diatoms are r-strategists able to make efficient use of highly dynamic and nutrient-rich coastal environments. Z 2 -Oceanic showed a second increase in diatom abundance, which was one order of magnitude higher than in Z 3 . In Z 2 -Oceanic, the NO 3 :Si(OH) 4 ratio was >1, whereas in Z 3 it was <0.5, suggesting a more efficient silicic acid uptake in Z 2 -Oceanic, where Pseudo-nitzschia spp. predominated, reaching up to 80% dominance in the diatom standing stock. In contrast, coccolithophores reached their peak abundances in the more oligotrophic zones (Z 3 ), where NO 3 and PO 4 concentrations (~4 and 1.7 μM L −1 ) were lower and sea surface temperatures 2°C were higher on average than in the CUF.
The presence of large vacuoles in diatoms (~35% of the cell volume) enables them to store nitrate and phosphate and to proliferate in highly variable environments, such as coastal upwelling areas where nutrient fertilization (upwelling) alternates with nutrient-poor periods (relaxation). In contrast, coccolithophores (devoid of vacuoles) are more successful in resource-depleted waters due to their lower minimum limiting nutrient requirements (partially due to their high surface-to-volume ratio compared to most diatoms), a difference that likely selects between these two functional groups for a match to habitat conditions (Tozzi et al., 2004) .
Coccolithophores: spatial abundance and physico-chemical parameters Coccolithophore abundance was highly variable, albeit consistent with the ranges reported in the literature for the HCS (Beaufort et al., 2008) , the equatorial and tropical Pacific (Balch and Kilpatrick, 1996) and other regions (Table V) . Emiliania huxleyi and G. muellerae were largely dominant throughout our study area, constituting >70% of the coccolithophore community. The near dominance of these two species in surface waters holds true for the rest of the world oceans (Langer et al., 2009). Other taxa, such as C. mediterranea, Syracosphaera spp., C. leptoporus and H. carteri, were recorded in lower abundances and associated with the western sector of the CUF (Fig. 5A ) The coastal zone was directly influenced by active upwelling of cold, nutrient-rich, oxygen-depleted ESSW (Alheit and Bernal, 1993) . This area, where stations clustered as Z 1 , showed the highest diatom densities (~90% of the geographically integrated diatom abundance) and lowest coccolithophore densities (0.4% of the integrated coccolithophore abundance). This region was largely dominated by E. huxleyi, a species shown to be more resilient to environmental changes in salinity (18-41 g kg ) and nutrients than other coccolithophores (Brand, 1994; Zondervan et al., 2002; Guerreiro et al., 2013) . These characteristics are directly related to its high genotypic plasticity (Bollmann, 1997) . Its ability to reproduce sexually probably is instrumental in maintaining this genetic diversity (Iglesias-Rodriguez et al., 2006) , allowing it to adapt and succeed in strongly variable environments such as upwelling systems.
Nutrient concentrations in Z 2 -CUF were similar to those observed in Z 1 . However, the coccolithophore density, predominantly E. huxleyi (89%), was one order of magnitude higher. Moving seaward from Z 2 -CUF, diversity increased steadily (Fig. 7) , most likely due to the stabilization of the water column and reduced levels of silicate (from 18 µM in Z 1 to 14 µM in Z 2 -CUF); conditions shown to promote a decrease in diatoms and an increase in coccolithophores (Holligan et al., 1993) . However, the slight increase in temperature (0.5°C) with respect to Z 1 could be linked to coastward transport of warm water (Hormazabal et al., 2004) . Z 2 -Oceanic, in turn, resulted from the similarity of four oceanic stations adjacent to the coastal Z 2 -CUF, in an "oceanographically modified" zone west of 77°W. These waters produced a disruption in the otherwise clear coastal-to-ocean pattern (Fig. 5B) . It is likely that Z 2 -Oceanic is related to the propagation of ocean-ward geostrophic flow parallel to Punta Lavapié that turns to the northwest at~36°S out to~77°W, causing advection of a coastal water parcel into oceanic longitudes (Letelier et al., 2009) . In addition, these mesoscale features off Concepción have been shown to transport at times the whole phytoplankton community (including coccolithophores), together with a coastal signature in terms of nutrients and organic/inorganic matter, beyond 400 km offshore (Morales et al., 2010) .
Coccolithophore abundances were highest in Z 3 , particularly in the band between 74 and 77°W, which were characterized by increasing temperatures and more dissolved oxygen, a marked decline in nutrient concentrations and low salinity. Letelier et al. (2009) and Dávila et al. (2002) reported a seaward-flowing, lowsalinity tongue originating from rivers during high rainfall, matching our observations. However, it seems that, in general, salinity is not a major factor determining the distribution and abundance of coccolithophores (Andruleit et al., 2003; Beaufort et al., 2008) , rather it has been linked to an increase in size and more calcification of plates (Paasche et al., 1996; Fielding et al., 2009) . However, we found over-calcified specimens of E. huxleyi type A (robust coccoliths,~4-6 µm in diameter) mainly in the area around Z 2 -CUF and the coastal Z 1 stations. Beaufort et al. (2008) also observed this morphotype in the HCS, suggesting that coccolithophores produce more calcified coccoliths in nutrient-rich environments. Type A has been reported in the coastal waters of the Benguela Current (Henderiks et al., 2011) and the Australian sector of the Southern Ocean (Findlay and Giraudeau, 2000; Cubillos et al., 2007) . Those authors reported that it occurred mainly north of the Subantarctic Front, defining a north-south trend of decreasing calcification for E. huxleyi in the Southern Ocean. This is apparently is a shift in dominance from one ecotype to another, rather than an effect of decreasing carbonate ion concentrations or calcite saturation states. This was also noted in mesocosm experiments in which E. huxleyi coccoliths were more calcified in waters rich in P and N (Beaufort et al., 2007) . Other variables reported in the literature that may significantly affect the state of calcification in E. huxleyi are light levels (Balch and Kilpatrick, 1996; Zondervan, 2007) , changes in carbonate chemistry (DIC, pH) of upwelling regions (Cubillos et al., 2007) and the possible effect of salinity on size, morphology and the number of coccoliths (Fielding et al., 2009) . Although E. huxleyi is the most studied coccolithophore species, substantial gaps remain in our knowledge of its ecophysiological plasticity (Henderiks et al., 2011) and the effects of environmental variables on the production of plates. Knowledge of the calcification mechanisms remains incomplete (Brownlee and Taylor, 2004) .
Overall, Z 3 showed the highest coccolithophore abundances, and the most prominent peaks were recorded in the oceanic waters on its northern side (between 35. 5-36.0°S and 74-77°W) . These peaks largely overlapped with the presence of an anticyclonic eddy with sufficient kinetic energy to deepen the isotherms down to 200 m (Letelier et al., 2009) . This eddy had a warm core (>15°C), low NO 3 and PO 4 concentrations and significant depletion of nitrate (N:P < 2), and it coincided with the highest abundances of coccolithophores recorded of 180 000 and 240 000 cells L −1 at 50 m depth at Stations 18 and 19, respectively. These eddies persist for about 5-10 months (Hormazabal et al., 2004 , Morales et al., 2012 , so nutrient depletion develops, especially of nitrate (Townsend et al., 1994; Head et al., 1998; Rees et al., 2002) , suggesting that NO 3 becomes (under these circumstances) more limiting than PO 4. The biodiversity indexes in Z 3 were the highest recorded in this study (Fig. 7) . There, E. huxleyi and G. muellerae diminished in importance, mainly due to the occurrence of C. mediterranea, Syracosphaera spp., H. carteri, and C. leptoporus, which together contributed~40% of the total abundance. Coronosphaera mediterranea has been associated with warm subtropical waters (Moita et al., 2010) , which may explain its presence in Z 3 . That area had the highest average temperatures (~15°C). Syracosphaera spp. has been reported to be a typical oceanic taxon (Boeckel et al., 2006) and an indicator of oligotrophic conditions (Young, 1994; Andruleit and Rogalla, 2002) . Helicosphaera carteri seems to become more prominent in water masses with high-to-moderate nutrient levels and turbidity (Giraudeau, 1992; Ziveri et al., 1995) , but it has also been related to low-salinity conditions (Colmenero-Hidalgo et al., 2004) , as in Z 3 . According to Saavedra-Pellitero et al. (2010) , C. leptoporus and H. carteri appear in different oceanic environments, being dominant in sediments from neritic areas located north and south of our study area.
BIOENV analysis revealed that salinity and temperature best explain variation in total station densities of coccolithophores in our study area (p w = 0.689; P < 0.05). However, it would not be salinity per se that drives coccolithophore distributions. In fact, some species of coccolithophores have been reported as euryhaline, able to tolerate a wide range of salinities, especially estuarine taxa (Brand, 1984) . Species such as E. huxleyi and Pleurochrysis carterae are able to grow in salinities ranging from 15 to 45 g kg −1 (Brand, 1984) . Likewise, Haidar and Thierstein (2001) suggested that physical parameters may be responsible for up to 50% of the dynamics of the most abundant coccolithophore species. Thus, a combination of several physical and chemical variables (i.e. nutrient concentration, temperature and/or water column stability) may have produced the more suitable habitat for coccolithophore growth in our Z 3 region.
Coccolithophores: suspended CarC and export to the deep sea
Concentrations of CarC varied widely in the study area. Of the three areas distinguished by the cluster analysis, Z 3 represented 90% of the total CarC, and only two genera (Calcidiscus and Helicosphaera) accounted for over 50% of the total CarC, although they only contributed 3% of the total numerical abundance. This is explained by their larger (10-30 µm) and more robust coccoliths, totaling 30-60 times more CaCO 3 per cell than E. huxleyi. The most abundant species (E. huxleyi and G. muellerae) made up of 70% of the coccolithophore in numbers, but, because of their small coccoliths (~5 µm in diameter), they only contributed~27% of the total CarC. The other three zones (Z 1 , Z 2 -CUF, Z 2 -Oceanic) played minor roles in the total CarC budget. In those regions, E. huxleyi and G. muellerae represented between 80 and 100% of the total CarC. Beaufort et al. (2008) reported that the coccoliths of E. huxleyi, Gephyrocapsa spp. and Crenalithus spp. represented more than 30% of the suspended calcite particles detected in the 0.1-46 µm particle size range between the Perú-Chile upwelling zone and the South Pacific Gyre. According to those authors, the distribution was strongly related to ocean chemistry, in particular to alkalinity and carbonate ion concentrations. In this study, the proportions of biogenic calcite concentrations of the order Isochrysidales (E. huxleyi, G. muellerae) were high (>90%) close to the coastal regions (Z 1 , Z 2 -CUF) and low (~27%) in the oceanic area (Z 3 ), albeit similar to proportions previously reported for the area (30%; Beaufort et al., 2008) . However, those authors only focused on Isochrysidales (numerically dominant), whereas orders such as Coccolithales and Zygodiscales were less abundant in our study but made significant contributions in terms of the suspended calcite budget (Fig. 8) . Thus, the estimated carbonate export from coccoliths showed that H. carteri was the dominant taxon (41.7% CarC ex , 2.4% TCar ex ), followed by C. leptoporus (40% CarC ex , 1.8% TCar ex ), whereas G. muellerae, Coccolithus sp. and E. huxleyi together contributed only 11.8 to CarC ex and 0.6% to TCar ex .
Emiliania huxleyi and G. muellerae dominated in the water column and sediment trap samples from the study area off Concepción, which contrasts with the observations done by Saavedra-Pellitero et al. (2010) . They reported F. profunda and G. oceanica as the dominant species in surface sediments between 33 and 38°S. Nevertheless, they also recognized that their study might be affected by strong, persistent upwelling and selective calcite dissolution, both favoring preservation of the most resistant species. The relatively shallow (40-120 m) aragonite lysocline of the upwelling system (Feely et al., 2008) , impinging on the bottom in a very complex ecosystem, likely explains the discrepancy between the living pelagic assemblage of coccolithophores and its preserved counterpart in the sediment.
The vertical export of total CaCO 3 (TCar ex ) showed high variability among the study stations and sedimenttrap collection seasons. Possible reasons are difficult to establish from the multiple and complex biological (e.g. primary production, micro-and meso-zooplankton community composition, microbial activity) and physical (e.g. mesoscale features and water column mixing processes, particulate settling rates and climatological/ hydrological seasonality) interactions. The highest TCar ex occurred in austral summer (45%) and then decreased gradually through autumn (37%) and winter (18%). Although sediment trap and water column samples shifted through time (see Methods), the coccolithophore composition in the water column (mainly in Z 3 ) was very similar to that observed in deep sediment trap samples. This suggests that the coccoliths in sediment originated in the oceanic waters above with only small preservational modification.
Higher vertical particle flux in spring/summer has been related to increased solar radiation, which raises sea surface temperatures, favoring the production of algae (Nanninga and Tyrrell, 1996; Triantaphyllou et al., 2004) . Average TCar ex flows in our study area ranged from 23 to 170 mg m −2 d −1 , rates very similar to those (25-170 mg m −2 d −1 ) reported by González et al. (2004) for the oceanic area off Coquimbo and for other oceanic regions of the world (Table VI) . The sequestration of CarC ex was dominated mainly by coccoliths and coccospheres, which together accounted for 70% of the CarC ex and 4.8% of TCar ex . The second major component corresponded to appendicularian pellets, which transported biogenic calcite to the deep sea, averaging 27% of CarC ex and up to 76% during summer. The contribution of appendicularian pellets to TCar ex was minor in this study (1.2%); however, the importance of them may be underestimated due to the presence of a large fraction of unidentified, broken and amorphous fecal pellets, a substantial part of which could have been produced by appendicularians and not included in our results. The importance of appendicularian pellets in carbonate flux and the inorganic carbon cycle has been highlighted in several studies of the HCS (González et al., , 2009 and in other marine systems around the world (Gorsky et al., 1999; Antia et al., 2008) . The hydrodynamic shape (oval) and high compaction of these pellets generate high fecal pellets' sinking rates (25-166 m d ) (Gorsky et al., 1984) , which facilitate their rapid export from the photic zone and prevent recycling in this area of high biological activity.
The calcium carbonate exported attached to tintinnid loricae (Codonellopsis, Dictiocysta, Tintinnopsis) was not substantial in this study representing an average of 2.8% of the total CarC ex and 0.1% of the TCar ex . This was a very conservative estimate because the attached material may have consisted of more than one layer (Dolan et al., 2013) . Thus, the carbonate flux carried on the loricae of these ciliates helps to elucidate the variety of components involved in the export of carbonate into the deep regions of the ocean off Concepción.
C O N C L U S I O N
The spatial distribution coccolithophores in the upper 50 m water column off Concepción, Chile showed a clear coast-to-ocean pattern, influenced by an active coastal upwelling system, frontal zones and other physical boundaries, creating four-well-defined biogeographic zones. The coastal zone (Z 1 ) located at the upwelling center had the highest diatom and the lowest .5-16.7 9.5-23.3 Tanaka (2004) coccolithophore abundance, the latter dominated almost exclusively by E. huxleyi. On the outside margin of the upwelling front (Z 2 -CUF), abundance as well as biodiversity of coccolithophores started to increase, reaching its maximum (~300 × 10 3 cells L −1 and up 17 coccolithophores species, respectively) at the more oceanic stations (Z 3 ).
TCar ex at 1000 m depth was highly variable, with maximum and minimum fluxes in austral spring and winter, respectively. The main components of CarC ex were coccospheres and detached coccoliths. The less abundant species of coccolithophores but heavier ones, such as H. carteri and C. leptoporus, contributed >80% to CarC ex and >4% to TCar ex . Appendicularian fecal pellets made a minor contribution to TCar ex but were important contributors to CarC ex (~27%) .
In general, the community structure of coccolithophores and the total flux of carbonate were similar to, and the CarC ex lower than, other studies conducted in the HCS and in the world oceans.
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